Abstract The dependences of radiation induced defects on irradiation temperature up to 700 o C at 15 dpa and on irradiation dose up to 85 dpa at room temperature have been investigated by the heavy ion irradiation and the positron annihilation lifetime spectroscopy for the CLAM. A void size peak is observed at ∼500 o C where the vacancy cluster contains 9 vacancies and has an average diameter of 0.59 nm. The size of the vacancy clusters increases with the increase of irradiation dose at room temperature, and the vacancy cluster at 85 dpa consists of 9 vacancies and reaches a size of 0.60 nm in diameter. The absolute values of the void size at the peak and the increase of void size with dose in the CLAM steel are negligible compared to those of the normal stainless steels, indicating that the CLAM steel has good radiation resistant property.
Introduction
Structural materials used in ITER, ADS, fast reactor, etc. experience high dose irradiations during operation, for example, ∼100 dpa/year in ADS, ∼40 dpa/year in fast reactors and ∼30 dpa/year in the ITER's DEMO. High dose irradiation produces severe radiation damage in structural materials, leading to a breakdown or accident of installations. Investigation of radiation damage induced by such a high dose irradiation has attracted great attention.
Low activation martensitic steel is considered to be a candidate structural material for the new generation nuclear facilities. The CLAM steel (China Low Activation Martensitic steel) is a low activation martensitic steel self-developed in China [1] . As a candidate structural material for new nuclear energy installations, the CLAM steel will suffer from high dose irradiation. It is desirable to develop the CLAM steel with good radiation resistant property. Therefore, investigation of radiation damage in the CLAM steel at high doses is of great importance for the design and safe operation of the new generation nuclear facilities.
Radiation damage produced in structural materials depends on the irradiation temperature and dose. The present work was motivated to investigate variation of the radiation damage in the CLAM steel with the irradiation temperature and dose. No available neutron and proton sources can be employed directly in laboratory to study radiation damage at such high doses encountered in the new generation nuclear facilities. The radiation damage rate of heavy ions is much higher than that of neutrons or protons and it just takes minutes or hours to reach tens of dpa by energetic heavy ion irradiation [2] , which makes it possible to investigate the radiation damage at high doses [3, 4] . Therefore, in the present study the heavy ion irradiation was adopted to simulate the high dose proton and neutron irradiations. The positron annihilation lifetime technique was utilized to examine the produced radiation damage microscopically.
Experiment
The stainless steel samples used in the experiment were the CLAM steel, which is made of Cr-8.91%, W-1.44%, V-0.20%, Mn-0.49%, C-0.12%, S-0.003%, Si-0.11% and Fe balanced to 100% in weight. The size of the samples used in the experiment was φ 15 mm× 0.5 mm. The samples were mechanically polished to a mirror-like surface.
The irradiations were carried out by using 80 MeV fluorine ions from the HI-13 tandem accelerator at China Institute of Atomic Energy. The irradiation temperature ranged from room temperature to 700 o C with an accuracy of ±10 o C. The temperature dependence at the irradiation dose of 15 dpa and the dose dependence up to 85 dpa at room temperature were performed. The displacements per atom introduced by the heavy ion irradiation in the sample were calculated by a TRIM program [5, 6] . Positron lifetime measurements were conducted at room temperature for the un-irradiated samples and the samples irradiated at different irradiation temperatures and doses. A fast-fast coincidence positron lifetime spectrometer with a pair of BaF 2 scintillation detectors was used, the time resolution of which is 210 ps to 60 Co γ rays. Two identical samples irradiated under the same condition were arranged as a sandwich with a 1.1 MBq 22 Na positron source in the center. Besides the source components, all measured positron lifetime spectra were fitted by a PATFIT [7] or LT [8] program with two lifetime components τ 1 and τ 2 , and the fitting variance was less than 1.3.
3 Results and discussion
Dependence of irradiation temperature
The annihilation lifetime τ f of free positrons is 110 ps in stainless steels and the annihilation lifetimes of positrons trapped at the mono-vacancy, divacancy and dislocation are τ 1v = 1.3 τ f , τ 2v =1.5 τ f , and τ dis = 169 ps, respectively [9] . In the data analysis, τ 1 is assumed to be a weighted average of annihilation lifetimes of the free positrons and the positrons trapped at mono-and di-vacancies and dislocations, and τ 2 is attributed to small vacancy clusters or voids, and I 1 and I 2 are their intensities (I 1 + I 2 =1), respectively.
The dependences of τ 1 and τ 2 on irradiation temperature are shown in Fig. 1 for 15 dpa irradiation. It can be seen from Fig. 1 that τ 1 increases very slowly with increasing irradiation temperature in the whole temperature range studied, whereas τ 2 shows a complicated variation with the irradiation temperature. At irradiation temperatures below about 300 o C, τ 2 increases very slowly with increasing temperature. At irradiation temperatures above 300 o C, τ 2 first increases sharply with the increase of the temperature up to 500 o C, and then decreases at still higher irradiation temperatures, leaving a peak value of about 312 ps at the irradiation temperature of 500 o C. The radius of voids can be estimated by R ν = (N Z) 1/3 r s or R ν = (N ) 1/3 R ws [10, 11] , where N is the number of vacancies in a void deduced from the lifetime τ 2 , R ws is the Wigner-Seits radius, Z is the valence number and r s = (0.75πn) 1/3 is the density parameter in the unit of Bohr radius a 0 with n being the number density of conduction electrons. For iron r s = 2.12a 0 , Z = 2 and R ws = 2.67a 0 [12, 13] . Fig. 2 shows the calculated average diameter of the clusters observed at temperatures up to 700 o C for the 15 dpa irradiation. The size of the vacancy cluster depends primarily on irradiation temperature, and a peak of the void size was observed at about 500 o C where the corresponding void contains 9 vacancies and has an average diameter of 0.59 nm. This is in accord with the temperature region of the swelling peak that usually takes place in the temperature region from 450 o C to 650 o C, depending on the type of the stainless steels. This swelling peak can be understood easily. At lower irradiation temperatures the created defects are less mobile and the probability to form larger clusters is small, and at higher irradiation temperatures the defects annealing occurs. Thus, a peak of the void size arises in a certain temperature region. Fig. 3 for the CLAM steel irradiated at room temperature. It can be seen that the positron lifetimes τ 1 and τ 2 and the relative intensity I 2 increase with the increase of irradiation dose. This reveals that irradiation generates mono-and di-vacancies, dislocation and vacancy clusters. Because the lifetime τ 1 is a weighted average, the increase of τ 1 means that the relative intensities of the produced mono-and di-vacancies and dislocation rise with the increase of irradiation dose. The lifetime τ 2 is closely connected to the size of vacancy clusters or voids. The longer the lifetime τ 2 , the larger the vacancy cluster size. The increase of τ 2 indicates the formation of larger size vacancy clusters at higher doses. The 9-vacancy clusters with a diameter of 0.60 nm were observed at the highest dose of 85 dpa. In summary, dependence of the radiation damage in the CLAM steel on the irradiation temperatures from room temperature to 700 o C and on irradiation dose up to 85 dpa has been investigated. The variation of positron annihilation lifetime 2 with irradiation temperature at the irradiation dose of 15 dpa shows a peak at about 500 o C where the biggest vacancy cluster is observed. This biggest vacancy cluster contains 9 vacancies and has an average diameter of 0.59 nm. The dose dependence measured at room temperature shows that the size of the vacancy clusters increases with the increase of irradiation dose, and the vacancy cluster possesses 9 vacancies and a diameter of 0.60 nm at the highest dose of 85 dpa. Although a peak value and an increase of void size with dose were observed in the CLAM steel, their absolute values are negligible compared to those of the normal stainless steels, which indicates that the CLAM steel has indeed good radiation resistant property.
